Abstract: For mono-substituted anilines, phenols, and thiophenols it has been found that N-H, O-H and S-H bond dissociation enthalpies (BDE) depend on Hammett constants approximately linearly. For substituents placed in meta position, linearity of found dependences is usually considerably worse in comparison to para-substituted molecules. Therefore, their applicability for prediction of changes in BDE using substituent Hammett constant may be limited. In this work, we have found that the length of thiophenolic C-S bond, R(C-S), or its shortening after hydrogen atom abstraction, ΔR(C-S), represent suitable descriptors of substituent induced changes in S-H BDE. For fi fteen studied meta-substituted thiophenols, these geometry descriptors correlate with S-H BDEs considerably better than Hammett constants.
Introduction
Sulfur-centered radicals play an important role in variety of chemical processes: organic synthesis, biochemistry, atmospheric chemistry (Griller et al. 1990; Halliwell et al. 1989; Kuwae and Kamachi 1989) . Thiophenol and its derivatives are employed also in the synthesis and stabilization of polymers (Griller et al. 1990; Halliwell et al. 1989; Kuwae and Kamachi 1989) . In the case of thiophenol (ArSH) and its derivatives, hydrogen atom transfer (HAT) mechanism of thiophenoxy radical (ArS • ) formation
is intensively studied in the terms of S-H bond dissociation enthalpy, BDE (Zhu et al. 1997; Bordwell et al. 1994; Borges dos Santos et al. 2002; Chandra et al. 2003; Cabral do Couto et al. 2006; McMillen and Golden 1982; Rimarčík et al. 2011) . The study of the substituent effect on BDE is important for the comparison of reactions differing only in the substitution. The Hammett equation (and its extended forms) is widely applied for the study and interpretation of organic reactions. Hammett constants σ m (for a substituent in meta position) and σ p (for a substituent in para position) obtained from ionization of organic acids in solutions can frequently successfully predict equilibrium and rate constants for a variety of families of reactions (Hansch et al. 1991; Krygowski and Stępień 2005) . Usually, Hammett constants correlate with the changes in N-H, O-H and S-H BDEs for para-substituted anilines, phenols or thiophenols well Rimarčík et al. 2011; Gomes et al. 2004 ). On the other hand, correlations found for meta-substituted phenols and thiophenols (Rimarčík et al. 2011) were worse, because individual points were more scattered along the regression lines. Gomes et al. (2004) studied 10 anilines with substituents in para and meta position using (RO)B3LYP/6-311-+G(2d,2p)//(U)B3LYP/6-31G* method to obtain N-H BDEs. For meta-substituted anilines, linearity of BDE = f(σ m ) dependence is poor, correlation coeffi cient reached only the value of 0.85. Besides, the published values of a Hammett constant for a substituent may vary in a quite wide range. For strong electron-donating NMe 2 group, published σ p values lie in the range from -0.24 to -0.83 (Hansch et al. 1991; Krygowski and Stępień 2005; Pytela 1994 ). Therefore, several attempts to fi nd an alternative substituent effect descriptor were made previously. Brinck et al. (1997) Najafi et. al. (2011) found that in the case of 20 meta-substituted chromans (chroman unit is present in tocopherols), calculated BDEs can be correlated with the lengths of phenolic C-O bond in the studied molecules, too. The aim of this work is to ascertain, whether this concept can be also applied for thiophenols, i.e. to fi nd the dependence of S-H BDE on C-S bond length and ΔR(C-S). In general, these dependences can be employed in prediction of S-H BDEs for para-and meta-substituted thiophenols using experimentally determined or calculated bond lengths. Besides, obtained results will be compared with those found for the phenols with the same group of 15 substituents placed in para and meta positions . Therefore, in this work identical computational approach was used.
Computational details
All calculations were performed using the Gaussian 03 program package (Frisch et al. 2003) . The geometry of each compound and corresponding radical was optimized using DFT method with the B3LYP (Becke 1993 ) functional without using any constraints during geometry optimization (energy cut-off of 10 −5 kJ mol ). For the species having more conformers, all conformers were investigated. Calculations were performed in 6-311++G** basis set (Binkley et al. 1980 ). The optimized structures Tab. 1. Calculated B3LYP/6-311++G** gas-phase bond lengths, relative bond dissociation enthalpies of studied thiophenols and Hammett constants. were confi rmed to be real minima by frequency analysis (no imaginary frequency).
Results and discussion
S-H BDEs of 30 mono-substituted thiophenols employed in this work were taken from our previous work (Rimarčík et al. 2011) , the bond lengths of studied thiophenols in Table 1 were not previously published. Calculated B3LYP/6-311++G** S-H and C-S bond lengths, denoted as R(S-H) and R(C-S), in studied thiophenol molecules, as well as C-S bond lengths in corresponding thiophenoxy radicals, R(C-S • ), are compiled in Table 1 . Shortening of C-S bonds after hydrogen atom abstraction, ΔR(C-S), has been calculated as follows
The last but one column of Table 1 contains relative BDE values, denoted as ΔBDE. These were obtained as the difference in BDEs of substituted (X-ArSH) and non-substituted thiophenol (ArSH)
In (Rimarčík et al. 2011) , for non-substituted thiophenol, gas-phase B3LYP S-H BDE of 316 kJ mol -1 was obtained. Results provided by the B3LYP/6-311++G** approach were in good agreement with available experimental values (Rimarčík et al. 2011) , although in the case of para-substituted thiophenols with electron withdrawing MeCO and CN groups unexpectedly high BDEs and ΔBDEs were obtained. The two BDEs were by 30 kJ mol −1 higher than one could anticipate from the observed trends in BDEs. In the two thiophenoxy radicals, B3LYP provided C-S bond lengths signifi cantly longer in comparison to the rest of studied thiophenoxy radicals, too. Therefore, in this paper, for p-MeCO and p-CN substituted thiophenols, we employed results from BP86/6-311++G** calculations (Rimarčík et al. 2011) . For these two molecules, BP86/6-311-++G** method provided BDEs corresponding to the rest of computed as well as to experimentally determined values signifi cantly better than the two B3LYP results. Data in Table 1 show that the electron-donating groups cause an elongation, while electronwithdrawing ones are connected with a shortening of C-S bond in comparison to non-substituted thiophenol. Although the character of substituent infl uences the length of S-H bond, no correlation between S-H bond length and Hammett constants, σ p and σ m , was found. On the other hand, R(C-S) = f(σ p ) and R(C-S) = f(σ m ) dependences can be considered roughly linear. Using linear regression, 5) with correlation coeffi cients values of -0.921 (para) and -0.908 (meta). In para-substituted thiophenols, points for OH and MeO groups apparently do not follow the observed trend. In these molecules, C-S bonds are the longest. After removal of the two points from linear regression, for remaining 13 groups, we obtain linear dependence as follows R (C-S)/Å = 1.789 -0.015×σ p (6) with correlation coeffi cient value of -0.955. Similar linearity was also found for ΔR(C-S) = f(σ p ) and ΔR(C-S) = f(σ m ) dependences. In the case of phenols, analogous dependences showed better linearity, the two correlation coeffi cients values were in absolute value higher than 0.950. This has confi rmed that the phenolic C-O bond length represents a simple and a reliable descriptor of the substituent effect on O-H BDE especially for the meta-substituted phenols, where the linearity of ΔBDE = f(σ m ) dependence was worse and individual points were considerably more scattered along the regression line . For the para-substituted phenols, σ p and R(C-O) represented identically reliable descriptor of substituent induced changes in O-H BDE. The linear BDE = = f(R(C-O)) dependence found for the para-substituted phenols gave reliable estimates of BDEs also for four tocopherols and seven chromans (Klein et al. 2007) . It may indicate a wider applicability of the found dependence. In the case of thiophenols, linear regression of S-H ΔBDE on R(C-S) provided the following ΔBDE/kJ mol -1 = 2400 -1350×R(C-S)/Å, (meta) (8) Fig. 2 shows that the C-S bond lengths in para-substituted thiophenols bearing four strongest electron-donating groups, i.e. NH 2 , NMe 2 , OH and MeO, are close to each other, while their ΔBDEs are in relatively wide, 13 kJ mol -1
, range. This results in worse linearity of ΔBDE = f(R (C-S) ) dependence. The correlation coeffi cient reached only the value of -0.936. On the other hand, for the meta-substituted thiophenols, correlation coeffi cient reached the value of -0.975. For the sake of easy comparison, we have plotted ΔBDE = f(σ p ) and ΔBDE = f(σ m ) dependences in Fig. 3 . We can conclude that Hammett-type dependence describes substituent effect better than C-S bond length for para-substituted thiophenols (Fig. 3) . However, for meta-substituted thiophenols, . Figure 4 confi rms that such geometry parameter can be also employed for thiophenols. The following equations were found using linear fi ts of data shown in Fig. 4 ΔBDE/kJ mol -1 = 50 -840×ΔR(C-S)/Å, (para) (9) ΔBDE/kJ mol -1 = 62 -1040×ΔR(C-S)/Å, (meta) (10)
The found values of correlation coeffi cients are -0.967 (para) and -0.985 (meta). Fig. 4 clearly indicates that points for p-MeO and p-OH groups do not follow the overall trend due to the large values of ΔR(C-S) as it was already pointed out for R(C-S).
If we omit the two points from the regression, the correlation coeffi cient reaches the value of -0.988 and the regression line descent is steeper, similarly to meta-substituted thiophenols. Therefore, we have performed the linear regression for all studied thiophenols with exception of p-MeO and p-OH substituted ones. The overall dependence (for 28 thiophenols)
ΔBDE/kJ mol -1 = 58 -960×ΔR(C-S)/Å (11) shows excellent linearity with the correlation coef- fi cient of -0.989. In contrast to Hammett-type dependences, just one equation is able to describe substituent induced changes in BDE for both, para-and meta-substituted thiophenols. Obtained equation 11 can be used for ΔBDE or BDE estimations from the C-S bond lengths in a thiophenol molecule and corresponding thiophenoxy radical.
Conclusion
In this work, we have found that C-S bond length or its shortening, ΔR(C-S), after hydrogen atom abstraction for both, meta-and para-substituted thiophenols represents a suitable descriptor of changes in S-H BDE induced by substituents with various electron-donating and electron-withdrawing character. In the case of meta-substituted thiophenols, the two geometry parameters correlate with BDEs significantly better than Hammett σ m constants. Moreover, ΔR(C-S) is capable to describe substituent effect of various electron-donating and electron-withdrawing groups regardless of substituent position, while the Hammett-type dependences for meta-and parasubstituted anilines, phenols and thiophenols are usually treated separately. The published results for meta-substituted chromans (Najafi et al. 2011) , as well as our results for anilines with 20 substituents in para and meta position (Vagánek, to be published) indicate that C-S, C-O and C-N bond lengths or their shortening after hydrogen atom abstraction linearly correlate with S-H, O-H and N-H BDEs in thiophenols, phenols and anilines, respectively. This fact can be useful also for antioxidants action study, because the three families of aromatic compounds represent the model compounds of primary antioxidants (Zhu et al. 1997; Rimarčík et al. 2011; Klein et al. 2007; Gugumus 1990 ).
